Our purpose was to evaluate long-term neuroglial cocultures as a model for investigating senescence in the nervous system and to assess its similarities with in vivo models. To this aim, we maintained the cultures from 15 days in vitro (mature cultures) up to 27 days in vitro (senescent cultures), measuring senescence-associated, neuronal, dendritic, and astrocytic markers. Whole microRNA expression profiles were compared with those measured in the cortex of 18-and 24-month-old C57Bl/6J aged mice and of transgenic TgCRND8 mice, a model of amyloid-β deposition. Neuroglial cocultures displayed features of cellular senescence (increased senescence-associated-β-galactosidase activity, oxidative stress, γ-H2AX expression, IL-6 production, astrogliosis) that were concentration dependently counteracted by the antiaging compound resveratrol (1-5 µM). Among the 1,080 microRNAs analyzed, 335 were downregulated or absent in 27 compared with 15 days in vitro and resveratrol reversed this effect. A substantial overlapping was found between ageassociated changes in microRNA expression profiles in vitro and in TgCRND8 mice but not in physiologically aged mice, indicating that this culture model displays more similarities with pathological than physiological brain aging. Our results demonstrate that neuroglial cocultures aged in vitro can be useful for investigating the cellular and molecular mechanisms of brain aging and for preliminary testing of protective compounds.
been reported to remain unchanged in number up to 45 days in vitro and to lose markers of synaptic density and neuritic/dendritic network such as PSD-95 and MAP2 (7) just as in in vivo aged human brains (8) . Increased protein oxidative damage has also been reported in aging cultures (9) as well as production of β-amyloid (7). Cortical, hippocampal, and peripheral neurons of aged mice show markers of the senescent phenotype, such as DNA damage foci, activated p38/MAPkinase, increased oxidative damage, IL-6 production, heterochromatinization, and SA-β-gal activity; this phenotype is dependent on p21 function (10) similarly to senescent proliferating cells. Thus, it appears that neurons aged in vitro express at least some of the features of replicative senescence and recapitulate to some extent the process of in vivo brain aging.
MicroRNAs (miRNAs) are potential critical players in gene regulation during age-associated processes. The unbalanced equilibrium between upregulated miRNAs, suppressing unwanted gene expression, and downregulated miRNAs, whose target genes are important for cellular function, has been noted in the normal aging process in the brain (11) and in neurodegenerative diseases (12) . miRNA regulation might play an important role in the shaping of age-related mRNA changes in the human and macaque cerebral cortex (13) . Li and colleagues (14) have identified age-associated changes in miRNA expression in the mouse brain partly counteracted by caloric restriction (15) . Associations between specific miRNAs and age-associated learning dysfunctions have been reported in animal models and in Alzheimer's disease (16, 17) . Some of these miRNAs regulate the expression of genes involved in neuronal plasticity (18) and it is possible that specific miRNAs play a role in the complex array of mechanisms leading to reduced neuronal function in aging.
In vitro research models have the obvious advantage of being less costly and less time consuming, besides sparing animal lives. Most of the studies on in vitro neuronal aging have used primary neuronal cultures, that is, homogeneous cellular populations that do not account for the reciprocal interactions between neurons and glial cells, particularly important in brain aging (19) .
Thus, we decided to evaluate an integrated in vitro system comprising both mouse neuronal and glial cells as a model for studying brain aging. To this aim, we first defined the temporal evolution of this system, measuring a series of senescence-associated markers. We further investigated the variation of miRNA expression profiles in aging mixed cultures and compared it with that occurring in the cerebral cortex of physiologically aged C57Bl/6J mice (20) and of TgCRND8 transgenic mice, displaying a widespread amyloid deposition in the brain (21) . Finally, we tested the effect of the antiaging compound resveratrol (20, 22) on senescence-associated markers and miRNA expression in order to provide a first evaluation of the predictive potential of antiaging substances on neuronal-glial cocultures.
Materials and Methods

Cell Cultures
The experimental procedures were in accordance with the standards set forth in the Guide for the Care and Use of Laboratory Animals (National Academy of Science). The uterus was removed from the gravid mouse under anesthesia. Primary cultures of mixed cortical cells containing both neuronal and glial elements were prepared as previously described (23) . Briefly, cerebral cortices were dissected from fetal mice at 17-18 days of gestation, minced by using medium stock (composed of Eagle's Minimum Essential Medium [with Earle's salts, glutamine-and NaHCO 3 -free] supplemented with 38 mmol/L NaHCO 3 , 22 mmol/L glucose, 100 U/ mL penicillin, and 100 µg/mL streptomycin) and incubated for 10 minutes at 37°C in medium stock with 0.25% trypsin and 0.05% DNAse. Enzymatic digestion was terminated by incubation (10 minutes at 37°C) in medium stock supplemented with 10% heatinactivated horse serum and 10% fetal bovine serum, and the cells were mechanically disrupted and counted. After a brief centrifugation, cells were resuspended (approximately 4 × 10 5 cells/mL) and plated in 15 mm multi-well vessels on a layer of confluent astrocytes in medium stock supplemented with 10% heat-inactivated horse serum, 10% fetal bovine serum, and 2 mmol/L glutamine. Cultures were kept in an incubator at 37°C, with 100% humidity and 95% air and 5% CO 2 atmosphere. After 4-5 days in vitro, nonneuronal cell division was halted by the application of 3 mmol/L cytosine arabinoside for 24 hours. Cultures were then shifted to a maintenance medium identical to the plating medium but lacking fetal bovine serum, which was then partially replaced twice a week. Neurons at 15 days in vitro (DIV) were considered mature and followed over time until cells were viable. At several time points (15, 21, 23 , and 27 DIV), cells were harvested to evaluate different senescence parameters.
Treatments
Cultures were treated with resveratrol 1 and 5 µM (Sigma-Aldrich Chemicals Co., St Louis, MO) continuously from the maturity stage of 15 DIV (young/adult cultures) to senescence at 27 DIV. The medium was partially changed every 2 days to maintain the concentrations relatively constant over time (24) . Concentrations were selected on the basis of the existing literature showing effects of this substance in vitro (24, 25) .
Lactate Dehydrogenase Release
Cell damage was evaluated by measuring the amount of lactate dehydrogenase released from injured cells into the extracellular fluid by using the Citotoxicity Detection Kit (lactate dehydrogenase; Roche Applied Science, Penzberg, Upper Bavaria, Germany).
Senescence-Associated-β-Galactosidase Activity SA-β-gal was performed following the protocol of the senescence detection kit (β-galactosidase Staining Kit, Cell Signaling, Danvers, MA). Cells positive for SA-β-gal blue staining were observed under a microscope and counted by two independent investigators with a ×20 objective; 10 fields were counted and averaged for each slide.
Western Blotting
Harvested cells were lysed in radioimmunoprecipitation assay buffer (25 mM Tris-HCl pH 7.6, 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% sodium dodecyl sulfate) with 1% protease and phosphatase inhibitor Cocktail (Sigma-Aldrich) and disrupted by sonication (Microson XL-2000; Misonix, Farmingdale, NY). Lysates were clarified by centrifugation and supernatants collected at −20°C. Protein content was estimated by using the BioRad DC protein assay kit (Bio-Rad, Segrate, Milan, Italy). Thirty micrograms of protein were subjected to 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis separation (NuPAGE, Novex; Invitrogen, Carlsbad, CA) and transferred to polyvinylidene fluoride membranes (Millipore, Billerica, MA). Immunostaining was performed with specific primary antibodies: NeuN monoclonal antibody, clone A60 (Millipore), 1:1,000; MAP2 rabbit antibody (Cell Signaling), 1:1,000; glial fibrillary acidic protein rabbit antibody (Dako, Glostrup, Denmark), 1:3,000; Phospho-Histone H2A.X (Ser 139) rabbit antibody (Cell Signaling), 1:500; Dicer mouse monoclonal antibody (Santa Cruz Biotechnology, Dallas, TX), 1:1,000; glyceraldehyde 3-phosphate dehydrogenase (14C10) rabbit antibody (Cell Signaling), 1:3,000 and peroxidase-conjugated secondary antibodies: anti-rabbit IgG antibody (Cell Signaling), 1:4,000 and anti-mouse IgG (Chemicon, Temecula, CA), 1:5,000, for 2 hours at room temperature (RT). Proteins were visualized using the enhanced chemiluminescence procedure with Immobilon Horseradish Peroxidase Substrate (Millipore) and immune-reactive bands were acquired through the Image Quant 350 (GE Healthcare Life Sciences, Buckinghamshire, UK) and quantified by densitometric analysis using the Quantity-One software (Bio-Rad Laboratories, Hercules, CA). Each density measure was normalized by using the corresponding glyceraldehyde 3-phosphate dehydrogenase level as internal control.
Dot Blotting
Equal aliquots (30 μg) of protein were applied to a nitrocellulose membrane (Millipore) and allowed to dry for 30 minutes at RT. After blocking with 6% nonfat dry milk for 1 hour at RT, the membranes were incubated overnight at RT with the anti-hydroxynonenal-Michael adducts, reduced rabbit pAb Calbiochem (Millipore), 1:500, followed by incubation with anti-rabbit IgG horseradish peroxidase-linked antibody (Cell Signaling), 1:4,000 for 1 hour at RT. Chemiluminescence was developed by Immobilon Horseradish Peroxidase Substrate (Millipore) and immunoreactive spots were quantified using Quantity-One software (Bio-Rad Laboratories).
Immunocytochemistry
The following primary antibodies were used: NeuN mouse monoclonal antibody, clone A60 (Millipore), 1:100; MAP2 rabbit antibody (Cell Signaling), 1:100; glial fibrillary acidic protein rabbit antibody (Dako), 1:500; Phospho-Histone H2A.X (Ser 139) rabbit antibody (Cell Signaling), 1:50; nitrotyrosine rabbit antibody (Millipore), 1:100, followed by the suitable fluorescent secondary antibodies: AlexaFluor 488 goat anti-mouse (Invitrogen), 1:200 or AlexaFluor 594 goat anti-rabbit (Invitrogen), 1:200.
Image Acquisition and Analysis
Microscopic analysis was performed with a fluorescence microscope (Labophot-2, Nikon, Tokyo, Japan) connected to a CCD camera. Densitometric analyses were performed with the freely available ImageJ NIH software. Results were expressed in arbitrary units.
Carbonyl Residues Assay
Carbonyl residues were spectrophotometrically determined at 370 nm by the method of Correa-Salde and Albesa (26) .
Detection of Advanced Glycation End-Products
Advanced glycation end-products determination was carried out in the culture media according to a previously described method (27) . The fluorescence intensity was measured at 440 nm after excitation at 370 nm, using a fluorescence spectrophotometer (Multilabel Counter 1240 Victor 3, Perking Elmer, Waltham, MA) at RT. Results were expressed as fluorescence intensity/mg of proteins.
Cytokine Determination
Neuroglial coculture supernatants were collected at the different time points and stored at −80°C for cytokine determination by enzyme-linked immunosorbent assay (MCYTOMAG-70K, MILLIPLEX MAP Mouse Cytokine/Chemokine Magnetic Bead Panel-Immunology Multiplex Assay, Merck-Millipore, Darmstadt, Germany).
Animals
All procedures were carried out in agreement with the European Union Regulations on the Care and Use of Laboratory Animals (OJ of ECL 358/1, December 18, 1986), according to the Italian Ministry of Public Health regulations. C57Bl/6J mice were sacrificed by cervical dislocation; the cerebral cortex from C57Bl/6J young and aged mice (3-, 18-, and 24-month-old, respectively, n = 4 per group) was dissected, immediately frozen in liquid nitrogen and stored at −80°C for further molecular analyses. Transgenic hemizygous TgCRND8 mice (4-6 months of age, corresponding to middle stage Aβ deposition, n = 4) were sacrificed by cervical dislocation and frozen samples of their cerebral cortex were also immediately sectioned, frozen with liquid nitrogen, and stored at −80°C. The group of young C57Bl/6J served also as wild-type control, as the transgenic mice are on a C57BL/6 background.
Total RNA Extraction
Total RNA including miRNAs was isolated from neuroglial cocultures and mice brain cortex by using the Absolutely RNA miRNA Kit (Agilent Technologies, Santa Clara, CA) according to the manufacturer's protocol. RNA concentration and purity was determined by using a NanoPhotometer spectrophotometer (IMPLEN, München, Germany). RNA integrity was checked with a 2100 Bioanalyzer and RNA 6000 Nano LabChip kit (Agilent).
miRNA Microarray Protocol miRNA profiling was performed on 15, 27, and 27 DIV resveratroltreated (1 and 5 µM) neuroglial coculture cells and on samples of cerebral cortex harvested from 3-, 18-, and 24-month-old C57Bl/6J mice and from TgCRND8 mice. Total RNA samples (100 ng) containing miRNAs were labeled with cyanine 3-pGp (Cy3) using the Agilent microRNA Complete Labeling and Hyb Kit. To assess the labeling and hybridization efficiencies, the RNA samples were first spiked with synthesized oligonucleotides by using a MicroRNA Spike-In Kit (Agilent). Each sample was placed on an Agilent mice miRNA array (Release 18.0, 8x60K) and covered with an Agilent 8-plex Gasket chamber. In this array, each miRNA is printed 20 times with replicate probes. Slides were then hybridized for 20 hours at 55°C using an Agilent hybridization system. After hybridization, the microarray slides were washed by using Agilent Gene Expression Wash Buffers.
Bioinformatic Methods
Fluorescent signal intensities were detected by using Agilent Scan Control 7.0 Software on an Agilent DNA Microarray Scanner, at a resolution of 2 μm. Data were acquired using Agilent Feature Extraction 9.5.3.1 software for miRNA microarray, generating GeneView files containing summarized signal intensities for each Downloaded from https://academic.oup.com/biomedgerontology/article-abstract/71/1/50/2614158 by guest on 14 January 2019 miRNA, by combining intensities of replicate probes and background subtraction.
DIANA-microT and Target scan databases were used to predict the miRNA target genes. DIANA-miRPath v2.0 (http://www. microrna.gr/miRPathv2.), a web-based application that performs an enrichment analysis of predicted target genes in all available KEGG pathways, was used to identify biological pathways potentially altered by the expression of the miRNAs simultaneously modulated in neuroglial cocultures and in in vivo models of aging and neurodegeneration.
miRNA Validation: Quantitative Real-Time Reverse Transcription-Polymerase Chain Reaction
To confirm the results of microarray miRNAs expression profiling, we performed quantitative real-time reverse transcription-polymerase chain reaction (qRT-PCR) in selected affected (miR-17, miR-124, let-7a, mir-29) and nonaffected miRNAs (mir-34), using SYBR green qRT-PCR assay. Reverse transcription of RNA was performed using miScript Reverse Transcription Kit (Qiagen, Dusseldorf, Germany). qRT-PCR assays were carried out in 7900HT Fast Real-Time PCR System (Applied Biosystems, California, CA) using miScript SYBR Green PCR Kit and miScript Primer Assay (Qiagen). The amplification profile was denaturated at 95°C for 15 minutes, followed by 40 cycles of 94°C for 15 seconds, 55°C for 30 seconds, and 70°C for 30 seconds. The expression levels of miRNAs were normalized to RNU6B and calculated as 2 −ΔΔct .
Statistics
Statistical analysis was carried out using GRAPHPAD Prism 5 software. As the number of observations did not allow the application of a test to evaluate normal distribution, we performed comparisons among groups using the nonparametric Mann-Whitney U test (p < .05 was considered statistically significant). Data are means ± SE.
Results
Cell Culture Morphology and Cytotoxicity
Measuring lactate dehydrogenase release in the medium, we found a low and constant level of cell death (about 20%) in neuroglial cocultures both at 15 and 27 DIV, which was not modified by resveratrol (Figure 1, panel A) . Demonstrative microscopy images indicate that 15 DIV represent a stage of maturation of neurons in which they form clusters and an extensive network of neurites. At 27 DIV, no visible sign of neuronal deterioration was detected (Figure 1, panel B) .
Senescence-Related Markers
Cytochemical determination of SA-β-gal The appearance of senescence was evaluated starting at 15 DIV (the maturity stage) until 27 DIV. Neurons positive for SA-β-gal increased as a function of time, reaching a maximum between 23 and 27 DIV (p < .05, 20 and 23 DIV vs 15 DIV; p < .01, 27 DIV vs 15 DIV). Beyond 27 DIV, neuroglial cocultures were no longer viable and we considered this stage as full senescence (Figure 1 , panel C). Microscopy images indicate that at 15 DIV, almost no neuronal cells were positive for SA-β-gal, whereas at 27 DIV, the neuroglial coculture showed widespread blue staining in neurons inside the clusters and an even more intense staining outside the clusters (Figure 1, panel D) . At 27 DIV, a light blue and diffuse staining for SA-β-gal also appeared in the underlying astrocytic layer (Figure 1,  panel D) . Resveratrol (1-5 µM) administered from 15 to 27 DIV reduced SA-β-gal activity in 27 DIV neuroglial cocultures at levels below those of 15 DIV (p < .01 vs 27 DIV; Figure 1 , panels C and D).
Western blotting and immunocytochemistry for γ-H2AX
We observed a time-dependent increase of γH2AX, a marker of senescence-related DNA damage in neuroglial cocultures at 15 In order to evaluate the appearance of senescent characteristics in the underlying astrocytic layer, we also examined astrocyte cell morphology and the astrocytic protein GFAP. In 27 DIV neuroglial cocultures, astrocytes became hypertrophic, exhibited intense immunostaining for GFAP, and displayed an extensive network of large processes ( Figure 3, panel B) . Results of GFAP protein expression levels were consistent with those of immunofluorescence, showing an increase in GFAP protein expression from 15 DIV to 20, 23, and 27 DIV ( Figure 3 , panel A; p < .05, 23 and 27 DIV vs 15 DIV). Resveratrol concentration dependently reduced GFAP protein expression to levels below those of 15 DIV neuroglial cocultures ( Figure 3, panel A) .
Oxidative Stress and Inflammation Markers
Protein oxidation, measured as carbonyl residues, progressively increased from 15 DIV to 20, 23, and 27 DIV. At 27 DIV, we detected the highest levels of protein oxidation compared with 15 DIV neuroglial cocultures; this effect was reduced by 1 µM resveratrol (p < .05; Figure 3 The production of the proinflammatory cytokine IL-6 was strongly increased in 27 DIV compared with 15 DIV and resveratrol 1-5 µM counteracted this effect (p < .01, 15 DIV vs 27 DIV; p < .01, 27 DIV Resv 5 vs 27 DIV; p < .01, 27 DIV Resv 1 vs 27 DIV; Figure 3 , panel E).
miRNA Expression Profiles in Neuroglial Cocultures
miRNA profiling was performed on neuroglial cocultures at 15 and 27 DIV and in 27 DIV treated with 1 and 5 µM resveratrol. Three hundred thirty-five of the 1,080 miRNAs analyzed were differentially expressed (downregulated or completely absent) between 15 and 27 DIV.
To rule out the possibility of effects due to changes in miRNA precursors processing, we analyzed the expression of the enzyme Dicer by Western blot and found no difference in the levels of the protein in young and senescent cultures (data not shown).
Resveratrol reversed the extensive downregulation observed in 27 DIV neuroglial cocultures and this effect was concentration dependent for 202 miRNAs. An unsupervised hierarchical cluster (Figure 4, panel A) shows the relationships among the experimental groups as a tree with branch lengths reflecting the similarity between experimental groups. miRNA expression profiles of senescent neuroglial cocultures treated with resveratrol were similar to those of young cells (Figure 4, panel A) . Among the miRNAs downregulated in senescent cocultures and restored after resveratrol treatment, we found several members of the mir-466-467-669 cluster, mir-7, mir-24-3p, mir-124-3p, mir-328-3p, miR-17-92 cluster, and let-7a. Putative gene targets of some miRNAs downregulated in senescent cultures were identified by DIANA-microT and are shown in Table 1 . miR-715, miR-199a-5p, and miR-199a-3p were the only three found to be upregulated in 27 DIV cells, with a >2 fold-change (FC). 
Comparison Between In Vitro and In Vivo miRNA Expression Profiling
miRNA profiling was used to compare in vitro and in vivo models. The age-associated changes in miRNA profiles of neuroglial cultures were compared with those occurred in the cortex of aged C57Bl/6J mice (18 and 24 months of age) and TgCRND8 mice aged 4-6 months (corresponding to a middle stage of Aβ deposition). A total of 85 miRNAs resulted in being downregulated (with an FC < 0.5) in 27 DIV cultures and in TgCRND8 mice, compared with their respective young counterparts (15 DIV and wild-type mice). Instead, only eight miRNAs were downregulated both in 27 DIV and in 24-month-old C57Bl/6J mice, and 17 miRNAs in 27 DIV and in 18-month-old C57Bl/6J mice, each compared with their respective young counterparts (15 DIV and young mice). These data and the degree of overlap among the different groups are represented in the Venn diagram in Figure 4 , panel B.
Interestingly, three miRNAs downregulated in 27 DIV were simultaneously downregulated in 18-and 24-month-old C57Bl/6J mice and in TgCRND8 mice (mir-7b-3p, mir-452-5p, mir-290-5p). We found mir-29a and mir-29b, mir-466, mir-467, and mir-669 among the miRNAs exclusively downregulated in 27 DIV and the TgCRND8 mouse cortex. Putative gene targets for some of these downregulated miRNAs were identified by DIANA-microT and are shown in Table 2 .
DIANA-miRPath v2.0 analysis identified several pathways as significantly enriched (p < .01) for the 85 miRNAs downregulated in 27 DIV cultures and in TgCRND8 mice. As it can be seen in Supplementary Table 1, many of the identified pathways are categorized under core biological processes in the brain, such as neurotrophin signaling, axon guidance pathway, dopaminergic, GABAergic, and glutamatergic transmission as well as long-term depression and potentiation. Moreover, mTOR and the PI3K-Akt signaling pathway were also significantly modulated. The list of miRNAs belonging to these pathways is available in Supplementary Given that mir-29b was among the miRNAs downregulated in 27 DIV cultures and in TgCRND8 mice, its downregulation was also confirmed in the cortex of TgCRND8 mice with an FC TgCRND8/young of 0.27. mir-34a was also chosen as one of the nonaffected miRNAs and also in this case, qRT-PCR confirmed the microarray results demonstrating that this miRNA is expressed only at very low levels and that it is not modified in senescent cultures compared with the young ones. With the same approach, we also confirmed the effect of resveratrol in reverting the downregulation observed in 27 DIV for the above-mentioned miRNAs: mir-17: 
Discussion
Neurons are particularly vulnerable to age-related changes that affect their function and contribute to the onset of age-related neurodegenerative pathologies. Neuroglial cocultures are an integrated model accounting for the reciprocal and profound interactions between neurons and glia, currently used only for short-term experiments. Here, we studied the temporal evolution and senescence of this integrated system. We observed a significant variability in obtaining long-term cell survival in vitro, possibly due to variations in cell isolation procedures or to the frequent medium changes. However, once the system is functioning, it can provide useful information. In fact, we were able to demonstrate that a relatively long period in culture determines the appearance of a senescent phenotype, offering the possibility of investigating age-related changes. Interestingly, neuroglial cocultures show some of the senescence features observed in Notes: DIV = days in vitro; FC = fold-change; miRNA = microRNA. Notes: DIV = days in vitro; FC = fold-change; miRNA = microRNA. proliferating peripheral cells such as the progressive accumulation of SA-β-gal, as demonstrated by others in pure neuronal cells (5, 6, 28) .
Resveratrol induces a strong, concentration-dependent decrease in the number of cells positive for SA-β-gal when administered to neuroglial cocultures from 15 to 27 DIV. We reported similar effects in human fibroblasts undergoing replicative senescence (24) . Increased SA-β-gal activity, together with an increased expression of γ-H2AX, has also been observed in the brain of old mice (10) . The cerebral cortex is a major site of γ-H2AX expression in both neurons and astrocytes in senescent mice (29) . Interestingly, we observed a progressive increase in γ-H2AX protein expression in our neuroglial cocultures, suggesting that DNA damage response activation takes place in neurons also in vitro. Resveratrol reduced γ-H2AX protein levels as in proliferating cell lines and in human lymphocytes (30) .
Neuroglial cocultures show a time-related increase in protein oxidative damage, described also in aging neurons (9) ; the increase in carbonyl residues is considered one of the contributors to agerelated neurodegenerative diseases (31) . Instead, no difference in nitrotyrosine levels was found upon senescence in vitro, in agreement with previous work in a similar model (32) , showing that some proteins accumulate nitration, whereas others show a reduced nitration profile in cortical neurons. In vivo, nitrotyrosine was found to be both decreased (33) and increased (34) in aged rats.
Senescent cultures are also characterized by a strong increase in the production of the proinflammatory cytokine, IL-6, which is completely counteracted by resveratrol. Several reports indicate that senescent cells express a senescence-associated secretory phenotype consisting of an increased secretion of growth factors, inflammatory cytokines, and proteolytic enzymes and involved in microenvironment remodeling (35) . As a whole, neuroglial cocultures show features typical of in vivo aging and a well-established antiaging molecule, such as resveratrol, reverses these changes.
Besides recapitulating some characteristics of cellular senescence, neuroglial cocultures also display age-associated degenerative changes such as progressive neuronal loss and a decline in the dendritic network. A reduction in synaptic and dendritic markers has been described in hippocampal neurons aged in vitro (7). Dong and colleagues (28) reported that the number of neurons decreases after DIV 25 in vitro with a concomitant increase in SA-β-gal. In the present experiments, we demonstrate that changes in neurons are accompanied by activation of glial cells, resulting in hypertrophy of astrocytes and age-associated gliosis.
The activation of astrocytes produces a state of low-level inflammation, playing an important role both in aging and in age-related neurological diseases (36) . Aged astrocytes do not support neuronal survival in mixed neuronal-glial cultures as efficiently as young cells (37) . In vivo data also indicate that aged astrocytes show features of the senescence-associated secretory phenotype, as described in fibroblast and endothelial cells (19) . We can thus conclude that in neuroglial cocultures in vitro, some neurons undergo senescence, whereas others are progressively lost, as indicated by the time-dependent decrease in markers of neuronal nuclei and synaptic contacts. In this context, it is feasible that the activated astrocytes lose their function of support for neurons.
The antiaging effect of resveratrol has been widely explored in both cellular and animal models (22, 24) . Resveratrol has been reported as neuroprotective in rodent models of neurodegeneration and central nervous system injury (38) . Resveratrol also prevents age-related cognitive decline in rodent models (39) and humans (40) . In our model, resveratrol failed to counteract the senescencedependent loss of neuronal cell bodies and connections but exerted a concentration-dependent effect in reducing astrogliosis. An analogous effect was reported by Genade and Lang (41) who found that resveratrol prevented the age-associated dysregulation of GFAP expression without avoiding the loss of neurons in the midbrain of the fast-aging Nothobranchius guentheri fish.
Alterations of senescent cells are accompanied by changes in miRNA expression patterns. miRNAs act as master negative regulators of gene expression and a single miRNA can target many mRNAs in parallel, thus having the potential to simultaneously modify multiple cell pathways such as proliferation, differentiation, senescence, and death.
We observed a substantial miRNA downregulation in neuroglial cocultures aged in vitro compared with their younger counterparts. A general decline in miRNA expression was previously reported during the aging process in peripheral proliferating cells such as fibroblasts (42) and in peripheral blood mononuclear cells from elderly individuals (43, 44) . These changes were not accompanied by modifications of Dicer expression in senescent cultures, suggesting that miRNA downregulation represents a general mechanism in senescent cultures rather than a technical artifact. Several miRNAs downregulated in 27 DIV neuroglial coculture such as miR-17, miR-19b, miR-20a, and miR-106b were previously found to be less abundant in cells from elderly humans. The miR-17-92 cluster has been reported to target several proteins involved in cell cycle regulation (such as p21) and is downregulated in human replicative (45) and stress-induced senescence (46) . The overall effect of resveratrol was to shift the miRNA expression pattern of senescent neuroglial cocultures toward that observed in mature neuroglial cocultures (15 DIV) . This observation is of particular interest and may illustrate new mechanisms by which resveratrol exerts its antiaging effects.
Focusing on those miRNAs that target genes encoding for proteins whose expression was actually measured in long-term neuroglial cocultures, we were able to confirm most of the predicted miRNA-mRNA interactions listed in Table 1 . In fact, the upregulation of the genes encoding for GFAP, IL-6, and H2AX, predicted on the basis of the downregulation of the respective targeting miRNAs 149-3p, let-7a/b/c/g-5p, and 124-3p/24-3p, has been actually confirmed by the Western blot data, showing increased levels of these three proteins. Similarly, the predicted downregulation of Nrp-2 and Apaf-1 genes, encoding for proteins involved in the dendritic spine reduction and neuronal death, is supported by the finding that MAP2 and NeuN proteins are downregulated in the senescent cultures.
The gene encoding for β-galactosidase, GLB, was also predicted by the DIANA-microT to be upregulated, based on the downregulation of mir-669c-3p in aged cocultures, and this is in agreement with the increased β-galactosidase activity found at senescence. Interestingly, the expression of this family of miRNAs was restored by resveratrol, which also drastically reduced β-galactosidase staining in aged cultures.
Thus, these data disclose previously unknown putative miRNAmRNA relationships and suggest a functional role for these interactions in the frame of the senescence process.
By comparing the age-associated changes in the expression profiles of miRNAs in the in vitro model with those measured in the cortex of physiologically aged 18-and 24-month-old mice, we found only a few similarities such as the downregulation of mir-7b-3p, mir-452-5p, and mir-290-5p. These were not exclusively related to aging, being observed also in the cortex of TgCRND8 mice. Interestingly, DIANA-miRPath analysis indicates that miR-7b-3p and miR-452-5p are involved in mTOR and HIF-1 signaling pathways, key modulators of aging, and age-related disease (47, 48) .
The expression profiles of miRNAs in the cellular model appear to resemble more closely those of the TgCRND8 mice cortex, an in vivo model of pathological aging and neurodegeneration. Among the 67 miRNAs downregulated by aging both in long-term neuroglial cocultures and in TgCRND8 mice cortex, the miR-29 family members were previously reported to have target sites on the gene encoding for β-amyloid cleavage enzyme 1 (BACE-1), required for the generation of toxic Aβ species (49) . Overall, the DIANA-miRPath pathway enrichment analysis indicated that the most significant set of miRNAs deregulated both in senescent neuroglial cocultures and in TgCRND8 mice cortex is involved in pathways related to the control of many aspects of survival, development, function, and senescence of neurons.
In conclusion, we demonstrate that neuroglial cocultures show many features of cellular senescence and respond to the exposure to a known antiaging/neuroprotective substance such as resveratrol. The comparison of global miRNA expression in vitro and in vivo suggests that neuroglial cocultures resemble pathological more than normal brain aging. These findings may provide insights into the epigenetic regulatory mechanisms of age-induced brain alterations and help identify miRNAs involved in these processes. Thus, this model can be useful for investigating the cellular and molecular mechanisms involved in neuronal aging and for the screening of antiaging/ neuroprotective compounds.
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